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Abstract 
Proteins are main constituents of a broad range of food products in powder form, from dairy to dough-based foods. 
Water is the main responsible of physical properties modifications in powders and many scientific studies have been 
focusing on characterizing the role of water content and water activity in carbohydrates powders. This work deals 
with the assessment of physical properties and dissolution behavior of milk proteins powders and their interactions 
with carbohydrates (lactose). In the first part, micellar caseins, native and denatured ȕ-lactoglobulin and Na-caseinate 
powders were selected and equilibrated at different water activities. In the second part, binary mixtures of proteins 
with lactose were prepared in different proportions (25:75 and 75:25). Sorption isotherms were built at 25°C and 
water adsorption kinetics was found to be faster in proteins than in carbohydrates. Thermal analysis (DSC) showed 
that micellar caseins and Na-caseinate exhibit a clear glass transition, while the measurement was not easy for BLG 
powders. In binary systems, proteins delayed lactose crystallization, up to a different extent depending on the kind of 
protein. Dissolution behavior was measured by conductimetry; the protein structure (native vs denatured) and its 
initial water activity played an important role, especially influencing powder’s wettability. The presence of lactose 
strongly accelerated the dissolution process, in a more important way for BLG. Scientific findings could lead to 
improved powder engineering, in order to optimize dissolution behavior and storage stability of protein-based foods. 
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1.Introduction 
Over the last twenty years, scientific food research has been increasingly focusing on understanding 
the role of water in modifying the physical properties of food, especially in dehydrated powder form. 
Concepts like water activity, sorption isotherms or glass transition temperature constitute the basis of the 
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so-called “water management”, and a continuous effort has been done to develop the appropriate 
techniques to assess these properties.  
Tools like state diagrams have been developed for several materials (e.g. milk [1]), and can be used to 
prevent unwanted modification during storage - as caking - and/or to drive processing (drying, sintering, 
agglomeration) in an optimal way.  
However, it should be noted that – even if a wide literature exists about water management in food 
powders – most studies focused on the characterization of carbohydrates compounds. Only few works 
dealing with proteins and their interactions with carbohydrates could be found [2], even if those are 
essential constituents in a broad range of food products, from dairy to dough.  
Thus a better comprehension of the mechanisms of water transfer and its effect on physical properties 
of protein powders would help in understanding the behavior of complex food matrices, where 
carbohydrates, proteins, fats and micronutrients are present and interacting at the same time.  
This study deals with the extension of the classical water management approach – developed for 
carbohydrates – to model protein-based powder systems.  This requires adapting the existing 
experimental tools and mathematical models, to take into account some specificity of proteins like 
possible denaturation. Also concepts like glass transition should be discussed, as there is still an open 
debate about the existence and relevance of this property for proteins, which cannot easily be assimilated 
to polymers.   
The work is performed on milk proteins’ powders (caseins and ȕ-lactoglobulin). In the second part of 
the work, the investigation is extended to model systems containing lactose in order to assess the effect of 
interactions between proteins and carbohydrates.  
The study focuses also on the characterization of rehydration behavior of protein-based powder 
systems. A fast rehydration is almost always a key requirement for powders, either for the final 
consumption either for further processing. Proteins could be responsible for longer dissolution times, as 
they are in general less soluble than amorphous carbohydrates. This work will help quantifying the 
dissolution time depending on the physical state of the proteins (native vs denatured), their structure and 
their interactions with carbohydrates. 
2.Materials and Methods 
2.1.Choice and preparation of powder samples 
In the first part of the study, native BLG (Davisco, United States), micellar caseins (Sole-Mizo, 
Hungary) and Na-caseinate (Emmi, Suisse) powders were purchased and directly used for physical 
analysis without any further processing. Denatured BLG powder was prepared by heat treatment (92°C, 
30 min) of an aqueous diluted solution (4% w/w), followed by spray drying (Tin = 180°C Tout = 80°C). 
In the second part, eight binary systems were selected; they were composed by the four proteins used 
in part I mixed with lactose in two different proportions (25:75 and 75:25). Components were dissolved in 
aqueous solutions (20% w/w) and spray dried to produce the powders (Tin = 180°C, Tout = 80°C).  
2.2.Physical properties assessment 
Water content Wwb (%) was measured by thermogravimetry (Q600, TA, US), by applying a heating 
ramp at 2°C/min from 25 to 200°C. Water activity aw was measured with Rotronic cells. Powders were 
equilibrated at 25°C at different aw in desiccators with saturated salt solutions (0.11 < aw < 0.90); values at 
equilibrium were used to build sorption isotherms. Water sorption kinetics at 25°C was measured with an 
automatic sorption device (SPS-11, Switzerland), by increasing progressively air RH from 10 to 80%, 
with 5% steps.   
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Differential Scanning Calorimetry (Q2000, TA, US) was used on equilibrated powder to measure glass 
transition temperatures, lactose crystallization and proteins’ denaturation as a function of water content.  
2.3.Powders dissolution behavior 
The overall dissolution of powder samples in water was measured at 25°C with a conductimeter. 1.4 g 
of powders were dissolved under stirring at 750 rpm in 70ml purified water (2% concentration). 
Evolution of conductimetry of the aqueous solution could be related to the concentration of powder 
dissolved along time. All trials were performed in triplicate.  
Powder wettability was evaluated by measuring the contact angle between a powder layer and a water 
drop. A thin layer of powder was prepared and a drop of water was deposited on it. The evolution of the 
droplet shape along time was monitored by a camera and recorded on a PC; the effective contact angle as 
a function of time could then be calculated thanks to an image analysis software. 
Measurements of dissolution behavior were done on protein powders equilibrated at aw = 0.2 and aw = 
0.7, and on samples at aw = 0.2 for the binary protein:lactose systems. 
3.Results and Discussion 
3.1. Water adsorption isotherms and kinetics 
 
Water sorption isotherms at 25°C were modeled by fitting equilibrium values at different aw with the 
GAB model (Fig. 1a). The adsorption kinetics (Fig 1b) confirmed the equilibrium data obtained by 
desiccators, and showed that protein powders tend to adsorb water very fast at every aw value; equilibrium 
was always reached in less than one day. This is particularly relevant compared to carbohydrates, for 
which several days could be necessary to reach equilibrium especially for low water activities, below 
glass transition. Thus, in a mix containing both proteins and carbohydrates, water will tend to be 
preferentially adsorbed on the protein, with important consequences on the kinetics of phenomena like 
lactose crystallization (see next paragraph). 
Also water desorption occurred very fast when decreasing RH from 80 to 20 %; some hysteresis 
between sorption and desorption could be put into evidence. 
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Fig. 1. (a) GAB model of sorption isotherms at 25°C of milk proteins powders; (b) kinetics of water adsorption. 
3.2. Thermal analysis (glass transition and denaturation) 
 
DSC double-scan was used for the thermal analysis of proteins powders equilibrated at different aw in 
desiccators.  
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During first heating scan an endothermic peak could be observed for every tested protein powder. Its 
value was in between 57 and 78°C for all the samples, depending on the water content.  This peak is due 
to the relaxation of the matrix, which is more mobile when its water content is higher, thus the higher the 
water content, the lower the relaxation temperature. The first heating scan was stopped below 100°C, in 
order to relax the sample without inducing irreversible modifications. This relaxation deletes the previous 
history of the sample, so that phase transitions like glass transition could then be detected at second 
heating scan. 
For native BLG, a second endothermic peak appeared at high temperature (from 99°C to 147°C, 
depending on the water content) (Fig.2). This peak was not present for denatured BLG powder. It could 
then be assumed that the peak is associated to the protein denaturation, in agreement with the 
observations of Zhou and Labuza [3]. Basing on these results, it is possible to model the denaturation 
temperature (Tden) of BLG as a function of water content in the concentrate region (Wdb < 26%), 
according to the following relationships: 
 
Tden = -91.576 aw + 175.92   for 0.33 < aw < 0.85  (1) 
 
Tden = -44.1 ln (Wdb) + 241.3  for 8.82% < Wdb < 26 %  (2) 
 
From the second heating scan, an endothermic transition corresponding to glass transition 
temperatures could be observed for micellar casein and Na-caseinate (Fig. 2b). The strength of the 
thermal signal was however less important than what usually observed for carbohydrates. The measured 
values at the different aw could be well fitted using the classic Gordon-Taylor model to model evolution 
of glass transition as a function of water content.  
For BLG, the heat flow variations were too small to allow a clear determination of the baselines 
necessary for glass transition identification, both for native and denatured powders. Only for intermediate 
aw values (0.33 and 0.44) two possible baselines could be identified, but results need further confirmation. 
DMTA analyses were thus performed, to confirm the identified Tg values at intermediate aw values and to 
identify glass transition for the other aw values (results not presented).   
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Fig. 2. Examples of DSC thermograms for protein powders; (a) endothermic denaturation peak of native BLG; (b) glass transition of 
Na-caseinate powder at aw =0.43. 
 
3.3. Lactose crystallization delay due to the presence of proteins in the matrix 
 
Lactose crystallization is one of the main responsible of powder quality degradation during storage, 
and should be avoided to have a stable product. Water adsorption kinetics showed that water tends to be 
faster adsorbed on protein than on carbohydrates, in the selected powder models. 
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From the measured water sorption kinetics it was also possible to observe the lactose crystallization. 
When air relative humidity is higher than 43% at 25°C, pure lactose starts crystallizing inducing water 
release, so that a weight decrease is observed in the kinetics curve due to the evaporation of the released 
water.  
When increasing air RH from 40% to 60% at 25°C, it could be observed that when the samples 
contained a majority of lactose (75%), crystallization started as soon as air RH was increased, but its 
kinetics was slowed down by the presence of proteins (Fig. 3). Furthermore, in samples containing a 
majority of protein, no lactose crystallization was observed over more than 10 days (then the experiment 
was stopped).  
The effect on the lactose crystallization kinetics was strongly dependent on the kind of protein. The 
different slopes of the weight loss curve are representative of the level of interaction between each protein 
and the lactose. Micellar casein did not show any interaction with lactose, which crystallized almost 
instantaneously as if it were alone (weight loss speed of -12%/h). On the other side, denatured BLG 
induced the biggest slow down of the crystallization kinetics (weight loss speed -0.4%/h). 
These results are in agreement with some findings presented by Haque and Roos [4] and by Vega and 
Ross [2]. Unfolded structures like denatured BLG seemed more effective in delaying lactose 
crystallization; with an “open” structure, unfolded proteins can promote more interactions with sugar 
molecules and can also hinder translational diffusion of lactose up to a greater extent, hence delaying its 
crystallization. 
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Fig. 3. Water sorption kinetics at 25°C of proteins: lactose 25:75 powders, when increasing air RH from 45% to 60%. Weight losses 
are due to water release induced by lactose crystallization. 
Thermal analysis (DSC) also allowed investigating the delay of lactose crystallization induced by the 
presence of proteins. The thermograms of all the equilibrated samples containing a majority of lactose 
presented a clear glass transition (Tg), which values were the ones of pure lactose independently on the 
kind of protein present in the system. This endothermic phenomenon was followed by the appearance of 
an exothermic peak (Tc) corresponding to the lactose crystallization. ). In this case, the value was 
dependent on the kind of protein present in the system (Fig. 4). The difference Tc-Tg could thus be used 
as an indicator of the lactose crystallization hindering effect of each protein. The results are in agreement 
with what already observed from water sorption kinetics; the systems containing denatured BLG 
presented higher values of Tc-Tg in comparison with systems containing native BLG. The same 
observation could be done for Na-caseinate and micellar casein, the latest having lower values of Tc-Tg. 
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Fig. 4. Lactose crystallization peaks in protein:lactose powders equilibrated at aw 0.3. 
 
3.4. Dissolution behavior 
 
Conductivity measurements (Fig.5) on pure proteins powder showed that the denatured or unfolded 
structures were longer to dissolve. Casein dissolves faster than BLG, probably because of the smaller 
molecular size. In Na-caseinate, the micellar structure is broken and hydrophobic sites can be directly 
exposed to water, thus slowing down the dissolution process. In the same way, the thermal denaturation 
of BLG led to protein unfolding with exposure of hydrophobic sites. As a result, denatured BLG is an 
almost insoluble powder (more than 45 min necessary to dissolve 90% of the powder).   
 Initial water activity also played an important role on the dissolution behaviour. The trend was 
different depending on the considered proteins. For Na-caseinate and micellar caseins, a higher initial aw 
resulted in a faster dissolution rate, while it was the contrary for BLG powders. 
Measurements of the contact angle (Fig. 6) showed the same differences in powder behavior, showing 
that initial powder wettability seems to be the limiting step of the whole reconstitution process.  
Presence of lactose strongly decreased the dissolution time, for every protein. Considering samples 
with the same constituents, the amount of lactose (25% or 75%) had no significant effect on the 
improvement of the dissolution; exceptions are the samples containing denatured BLG. Samples 
containing denatured BLG had the worst dissolution behavior; addition of 25% lactose improved the 
dissolution time up to a level similar to the dissolution of pure native BLG. The effect of lactose was 
more pronounced in systems containing BLG than in systems containing micellar caseins or Na-caseinate 
(t90 < 2 min). This shows again the low interactions between lactose and caseins, as already showed 
discussing lactose crystallization. 
The addition of lactose had no significant effect on the dissolution kinetics of micellar casein. 
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Fig. 5. Dissolution behavior of protein:lactose powders equilibrated at aw 0.23 measured by conductimetry at 25°C. (a) systems 
containing caseins; (b) systems containing BLG. 
               
Fig. 6. Effective contact angle evolution between water and proteins:lactose powders equilibrated at aw = 0.22. (a) systems 
containing caseins; (b) systems containing BLG. 
4.Conclusion  
This work allowed a comprehensive investigation of the modifications of physical properties of milk 
protein powders as induced by the presence of water. In particular it could be put in evidence the fast 
kinetics of water adsorption and the existence of a glass transition temperature for proteins. In association 
with lactose, proteins showed different behaviours. BLG tend to strongly interact with lactose, delaying or 
avoiding its crystallization and resulting in faster dissolution behaviour. On the other side, micellar 
caseins showed little or no interactions with lactose, leading to a worse stability of the system along 
storage and a slower reconstitution time.  
This fundamental work opens new perspectives in the design of stable and fast dissolving protein-
based powders, by optimizing the formulation and processing of the targeted products. 
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